Introduction
Mutational inactivation of p53 is one of the most common genetic alterations in human cancers. The p53 gene encodes a 53 kDa transcription factor, which appears to require the integrity of at least three functional domains to exert its full transcriptional activity: the aminoterminal transcription activation domain, the central DNA-binding domain and the carboxyterminal tetramerization/regulatory domain.
The vast majority of mutations in the p53 gene in human cancers (>95%) affect the DNA-binding domain. Whether functions other than transcriptional regulation are exerted by the wild-type p53 protein under physiological conditions has remained controversial.
The DNA-binding domain of p53 is conformationally labile and is further destabilized in the majority of cancer-derived mutant p53 proteins. We have recently described a novel type of anticancer agents that promote the proper folding of mutant p53 protein (Foster et al., 1999) . It is assumed that these agents act in a chaperonelike manner on newly synthesized p53 to promote and maintain a correctly folded conformation. Here we studied the effects of one such compound, CP-31398, in a panel of human malignant glioma cell lines with various genetic alterations of the p53 genes (Table 1) .
Results

CP-31398 is cytotoxic to human malignant glioma cell lines
Light microscopic monitoring revealed that CP-31398-treated cells from all glioma cell lines rounded up and detached from the tissue culture plates. Trypan blue staining confirmed that the detached cells were dead. Cell death rather than inhibition of proliferation also became apparent on flow cytometry that showed accumulation of cell remnants in the sub-G0/1 peak ( Figure 1a ). There was a dramatic loss of cells in the G2/ M phase, suggesting that death ocurred out of the S phase. However, synchronization of LN-229 cells in the S phase by aphidicolin did not affect cell death induced by CP-31398 (data not shown). The representative concentration response curves for LN-18, U87MG, LN-229 and LN-308 cells are shown in Figure 1b .
We next explored the mode of cell death induced by CP-31398. p53 is supposed to induce apoptosis rather than necrosis, but cell death induced by a synthetic super-p53, CTS-1, was caspase-independent in glioma cells . Flow cytometry for annexinV-FITC/propidium iodide (AnxV-FITC/PI) labeling revealed the exposure of phosphatidylserine on the cell membrane preceding the loss of membrane integrity detected by PI uptake (Figure 1c ). Early apoptotic cells are AnxV-FITC-positive, but PI-negative, and therefore move to the lower right quadrant. In contrast, almost no cells are PI-positive, but AnxVnegative (left upper quadrant). Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-amc) cleavage assays showed that even high concentrations of CP-31398 did not significantly increase caspase activity from baseline, as assessed in LN-18, T98G, LN-229 and LN-308 cells at 6 or 18 h. In contrast, CD95 ligand (CD95L), as a positive control (Glaser et al., 1999) , induced prominent DEVD-amc cleavage in these cells (Figure 1d ). Accordingly, CD95L induced massive processing of capases 3, 7, 8 and 9, whereas no effects of CP-31398 on caspase 8 and 9 levels were observed in any cell line. In LN-18 and U87MG cells, a slight decrease in the levels of procaspase 3 was observed when the cells were treated with 36 mM of CP-31398 for 16 h, and these conditions also induced cleavage of caspase 7 (Figure 1e ). However, the concentrations required for caspase cleavage were far above the EC 50 values for these cell lines (Table 1) . Further, the time point of caspase activation seemed to lie behind the point of commitment for cell death, suggesting that caspase activation is not essential for CP-31398-induced cell death. Accordingly, N-tert-butoxy-carbonyl-Val-Ala-DL-Asp-fluoromethylketone (zVAD-fmk), a broad-spectrum caspase inhibitor previously shown to inhibit CD95L-and drug-induced apoptosis in glioma cells (Glaser et al., 1999) , did not significantly modulate CP-31398 cytotoxicity in LN-18, LN-229, T98G, U87MG, U251MG, U373MG or LN-308 cells at concentrations up to 100 mM (Figure 1f , data not shown). The viral preferential caspase 1 and 8 inhibitor, crm-A, which abrogates CD95-mediated apoptosis, had no effect on CP-31398 cytotoxicity either (data not shown). Neither had inhibition of calpains by N-tert-butoxy-carbonyl-Phe-Ala-fluoromethylketone
cyl-L-proline methyl ester (CA-074Me). Although we obtained no evidence for a role of caspases in the CP-31398-induced cell death, cytochrome c was released in LN-18, U87MG and T98G cells, but not in LN-308 cells, in response to CP-31398 ( Figure 1g , data not shown). We also asked whether the ectopic expression of a bcl-x L transgene inhibited CP-31398-induced cell death. While T98G and LN-229 cells transfected with a bcl-x L transgene acquired resistance to CD95L-mediated apoptosis (Glaser et al., 2001 ) (data not shown), Bcl-x L did not inhibit CP-31398 cytotoxicity (Figure 1h ). Immunoblot accordingly showed that cytochrome c release induced by CP-31398 was insensitive to Bcl-x L , whereas cytochrome c release induced by CD95L was blocked (data not shown).
Kinetic dissociation of p53-dependent and p53-independent effects of CP-31398
Cytotoxicity data for CP-31398 in all glioma cell lines are summarized in Table 1 . The EC 50 for the induction of cell death at 24 h ranged from 10 to 36 mM. Prolonged exposure for 72 h did not significantly alter these data, except for a reduction of the EC 50 to 19 mM in LN-308 cells (Po0.05, t-test). There was no correlation between the doubling times and the sensitivity to CP-31398 (P>0.05). Neither was there a difference in the sensitivity to CP-31398 of p53 mutant and p53 wildtype cell lines, defined genetically or functionally (Table 1 ). Also, the expression level of p53 as determined by immunoblot and densitometric normalization to b-actin did not correlate with the sensitivity towards CP-31398-induced cell death. Although LN-308 cells, which lack p53 protein altogether, were the most resistant cell line, these cells were not fully resistant to CP-31398, clearly indicating that CP-31398 triggers a p53-independent cell death pathway. To confirm that part of the cytotoxicity of CP-31398 depends on p53, we knocked down p53 synthesis in the p53 wild-type cell line, LN-229, by short interfering RNA (siRNA) technology. Transfection with pSUPERp53 encoding p53 siRNA (Brummelkamp et al., 2002) resulted in a massive downregulation of p53 reporter gene activity Figure 2a ) and protein level (Figure 2b ). Both assays showed that the suppression reached more than 98%. The p53-depleted cells were protected when exposed to moderate concentrations of CP-31398 (p16 mM) for 24 h, whereas no difference in sensitivity was observed at higher concentrations (Figure 2c ). This apparently low specificity appeared to be difficult to reconcile with the reported (Foster et al., 1999) safety and antitumor specificity of the agent in animals. We therefore hypothesized that some nonspecific effects occurred only with prolonged exposure not observed in vivo because of rapid metabolic clearing (t 1/2 E2 h in mice).
We therefore compared the data obtained with continuous exposure with data obtained in pulse assays, where CP-31398 was removed after certain time periods, but survival was still assessed at 24 h. Drug washout experiments revealed that p53-independent cytotoxicity, defined as the cytotoxicity observed in the p53-null cell line LN-308, did not become apparent until a minimum exposure of 6 h. In contrast, all p53 mutant and p53 wild-type cell lines showed cytotoxic effects already at 1-2 h (Figure 2d ). The representative concentration curves for LN-18, U87MG, LN-229 and LN-308 cells are shown in Figure 2e . Similar curves for LN-229 pSUPER control transfectants and LN-229 pSUPERp53 cells are shown in Figure 2f . The protection conferred by the suppression of p53 turned out to be much more prominent when the cells were pulsetreated for 4 h than when they were exposed continuously for 24 h. The EC 50 values obtained in 4 h pulse assays with p53-bearing glioma cells ranged from 21.8 to 38.2 mM (Table 1) . Importantly, these concentrations did not induce cell death in cultured postmitotic cerebellar granule neurons when the CP-31398-containing medium was replaced by a sister culture medium at 4 h (data not shown). The modulation of p53 activity by CP-31398 was assessed by reporter assay. Figure 2g shows that either prolonged exposure for 20 h, or a 4 h pulse exposure with subsequent washing and further culturing for 16 h induced considerable p53 reporter gene activity in all cell lines except LN-308. The endogenous p53 activity of LN-229 cells reaches the upper limit of detection in the assay and thus cannot be induced any further by CP-31398. Thus, short-term exposure effectively induces p53 activity and cell death, but appears to lack the nonspecific effects seen in LN-308 cells with prolonged exposure. Still, zVAD-fmk, crm-A or Bclx L were not protective even under the pulse assay conditions (data not shown). To further assess the role p53 plays in cell death induced by CP-31398, we made use of the murine p53 V135A mutant. This mutant is temperature sensitive, silent and acts as a dominantnegative mutation at 38.51C, but assumes wild-type conformation and generates transcriptional activity at ) 32.51C. This mutant was expressed in LN-308 and U87MG cells . Reporter gene assays showed that p53 V135A strongly decreased p53 activity in U87MG cells at 38.51C, confirming its dominant-negative activity. At 32.51C, p53
V135A exhibited strong transcriptional activity in both cell lines, consistent with the assumption of wild-type conformation. Conversely, p53
V135A was not completely silent at 38.51C in LN-308 cells (2% in p53 V135A -transfected LN-308 cells compared with essentially zero in hygro control transfectants) (Figure 2h ). CP-31398 (6 h, 36 mM) increased p53 activity in U87MG hygro cells at both temperatures, and in U87MG p53
V135A and LN-308 p53 V135A at 32.51C. The apparent failure of response in the dominant-negative mutants at 38.51C may be due to the large excess of already misfolded p53 protein.
Conversely, the highest concentration of CP-31398 induced p21 in LN-308 p53 V135A cells at 38.51C (Figure 2i ), but not in LN-308 hygro control cells at either temperature (data not shown, see also Figure 3 ). p53
V135A -transfected LN-308 cells shifted to 32.51C revealed strong expression of p21, which was moderately increased by CP-31398. The ectopic expression of p53 V135A at mutant conformation (38.51C) did not alter the sensitivity of LN-308 cells to CP-31398 (data not shown). In contrast, the expression of p53 V135A in wildtype conformation conferred sensitization to CP-31398 over a broad range of concentrations ( Figure 2j , upper panel). In U87MG cells, which carry wild-type p53 alleles, p53
V135A inhibited the cytotoxicity of CP-31398 at 38.51C (Figure 2j , lower panel), but had no effect at 32.51C (data not shown). The kinetic difference between p53-dependent and p53-independent effects was confirmed in LN-308 p53
V135A and LN-308 hygro cells in 4 h pulse assays. Whereas LN-308 parental or hygro control transfectants were resistant to CP-31398 in the 4 h pulse exposure assay, V135A cells cultured at 32.51C were sensitive to CP-31398 under these conditions Figure 3 Modulation of p53 reporter activity, and p53, p21 and mdm-2 protein accumulation by CP-31398. The cells were left untreated or treated with CP-31398 (36 mM) for 6 h and assessed for p53 reporter activity. Values are given as fold increase over background (for mutant cell lines) or constitutional activity (for p53 wild-type cell lines). Lysates from untreated cells or from cells treated with CP-31398 at 9, 18 or 36 mM for 6 h were assessed for the protein levels of p53, p21, mdm-2 and b-actin (upper panel). All signals were quantified, normalized to b-actin content and expressed as fold increase over the respective untreated control (lower panel) (Figure 2k) . Similarly, flow cytometry using AnxV-FITC/PI labeling showed a strong signal already at 6 h in U87MG, LN-18 and T98G cells, and also in LN-308 p53 V135A cells at 32.51C, whereas LN-308 hygro cells were still unresponsive at this time (data not shown).
It has been sugggested that CP-31398 cannot refold already misfolded mutant p53 proteins, but rather enforces the assumption of a wild-type conformation in newly synthesized p53 proteins (Foster et al., 1999) . Hence, inhibition of protein synthesis should specifically prevent the p53-dependent cytotoxic effects of CP-31398. As predicted, cycloheximide (CHX), an inhibitor of protein synthesis, inhibited the cytotoxic effects of CP-31398 in LN-18, U138MG, U87MG, T98G and LN-229, but not in LN-308 cells (Figure 2l , data not shown). Since CP-31398-induced cell death in LN-308 cells is necessarily p53-independent, these data supported the idea that p53-dependent cell death induced by CP-31398 requires protein synthesis, most likely synthesis of p53 itself, whereas the p53-independent pathway can also occur in the presence of CHX. Consistent with this hypothesis, the sensitizing effects of p53 V135A in transfected LN-308 cells at 32.51C were nullified by CHX, whereas CHX had no effect on CP-31398-induced cell death in hygro control cells treated at 32.51C (Figure 2m ). Altogether, these data suggested that p53-dependent effects of CP-31398 can be examined at time points up to 6 h where nonspecific effects of the agent are still negligible or at least reversible.
CP-31398-induced effects on malignant glioma cells: the role of the p53 status
We next compared the effects of fixed concentrations of CP-31398 on p53 reporter activity and gene expression in the panel of 12 glioma cell lines. CP-31398 induced changes in reporter gene activity at 6 h in all cell lines except LN-308 (p53-null) and LN-229 (maximal constitutive activity) (Figure 3 ). The strongest effect of CP-31398 was seen in LN-18 cells, which carry a mutation (Cys-Ser) in codon 238. T98G cells, which carry an Met-Ile mutation in the neighboring codon, 237, showed low p53 activity in response to CP-31398. p53 activity was also induced in two other cell lines, LN-319 and LN-428, with mutations in codons 175 (Arg-His) and 173 (Val-Met) as well as 282 (Arg-Trp), respectively. The two cell lines mutated in codon 273 (Arg-His), U251MG and U373MG, remained almost silent. There was no correlation between the induced activity in the reporter assay and the sensitivity to CP-31398 defined by EC 50 values over 24 h or in the 4 h pulse experiment (Table 1) . Hence, the type of p53 mutation may predict whether CP-31398 is able to induce p53 activity in a reporter assay, but not the cytotoxic effects of CP-31398. These data also indicate that some mutations within the DNA-binding domain of p53, exemplified by U251MG and U373MG, are rather refractory to the action of CP-31398, as defined by p53 reporter assay.
We next sought to correlate the p53 reporter assay data with the stabilization of p53 as determined by p53 protein accumulation on immunoblot analysis. CP-31398 promoted the accumulation of p53 in all five cell lines retaining wild-type p53 activity (U138MG, U87MG, D247MG, LN-229, A172), and in four of six p53 mutant lines (LN-18, LN-428, U251MG, U373MG). T98G and LN-319 cells, which showed enhanced activity in the reporter assay, did not show p53 accumulation in response to CP-31398. Conversely, U251MG and U373MG, which developed low p53 activity in the reporter assay, nevertheless showed marked accumulation of p53 protein. Thus, p53 stabilization and p53 activity in a reporter assay induced by CP-31398 do not necessarily coincide.
The accumulation of p21 as a major p53 response protein was also monitored. The stabilization of p53 and the accumulation of p21 WAF/CIP1 protein were concentration-dependent and occur roughly in parallel. All five p53 wild-type cell lines accumulated p21 in response to CP-31398. Similarly, the six p53 mutant cell lines accumulated p21. LN-308 cells again failed to respond. Physiologically, the upregulation of p53 is limited by the p53-mediated accumulation of mdm-2, which targets p53 for proteasome-dependent degradation. mdm-2 accumulation was observed in response to CP-31398 in LN-18, U138MG, LN-428, LN-319, A172 and U251MG cells, but not in U87MG, D247MG, T98G, LN-229, U373MG and LN-308 cells. At the highest concentration of CP-31398 used, mdm-2 levels decreased in all cell lines except U138MG, T98G, LN-308 and LN-319, which may in part be due to the stabilization of mdm-2 by p14 arf (Llanos et al., 2001) . LN-319 and LN-308 cells are the only cell lines that show no deletion or mutation of the p14 arf locus Ishii et al., 1999) . Thus, in LN-319 cells, the binding activity of p14 arf may protect mdm-2 from proteasomal degradation. Further, mdm-2 may bind to p53 in the presence of CP-31398, while the ubiquitinylation and subsequent degradation of this complex are inhibited . Thus, the effects seem to be complex and cell-type specific.
Modulation of proapototic p53-response gene expression by CP-31398
Changes in the expression of the proapototic p53-response genes NOXA (Oda et al., 2000) and PUMA (Nakano and Vousden, 2001; Yu et al., 2003) were assessed by Northern blot. While the p53-null cell line LN-308 did not respond to treatment with CP-31398 with the upregulation of either mRNA, both genes were induced in LN-18, U87MG and LN-229 cells (Figure 4) . Quantification of the signals revealed that LN-18 cells showed only a slight induction of NOXA, while the mRNA levels for PUMA were strongly upregulated. In U87MG cells, on the other hand, induction of NOXA was much stronger.
Modulation of Bcl-2 family protein expression by CP-31398
Changes in the expression of Bcl-2 protein family members have been attributed an important role in mediating p53-dependent apoptosis (Miyashita et al., 1994) . Such changes include enhanced expression of proapoptotic proteins such as Bax and decreased expression of antiapoptotic proteins such as Bcl-2. Exposure to CP-31398 increased the levels of proapoptotic Bax in nine of 12 cell lines (LN-18, U138MG, U87MG, T98G, LN-319, LN-229, A172, U251MG and U373MG cells) ( Figure 5 ). Proapoptotic Bak levels increased in four of 12 cell lines (U138MG, LN-428, D247MG, T98G), but decreased in four cell lines (U87MG, LN-319, U251MG, U373MG). Antiapoptotic Bcl-2 levels decreased in response to CP-31398 in four of 12 cell lines (LN-18, U138MG, A172, U373MG), but increased in LN-319 and LN-308 cells. Antiapoptotic Bcl-x L levels decreased in six of 12 cell lines (U138MG, U87MG, LN-428, T98G, A172, U373MG). These changes in Bcl-2 family protein favored induction rather than prevention of apoptosis, but were too heterogeneous to account for the cytotoxic effects of CP-31398.
p53-independent CP-31398-induced cell death involves epiphenomenal free radical formation, is inhibited by aurintricarboxylic acid (ATA) and may be mediated by calcium cytotoxicity Free radical formation has been linked to p53-dependent and p53-independent types of cell death (Lotem et al., 1996; Polyak et al., 1997) . CP-31398 induced free radical formation in a concentration-and time-dependent manner in LN-18, LN-229 and LN-308 cells (Figure 6a -transfected and hygro control cells (data not shown), suggesting that free radical formation induced by CP-31398 is p53-independent. Free radical formation was unlikely to be a mere indicator of cell death, since it was observed as early as 30 min after exposure, and since the increased CP-31398 sensitivity of LN-308 p53
V135A cells compared with LN-308 hygro control cells at 32.51C (Figure 2f ) did not translate into increased free radical formation. A peroxide assay performed with CP-31398 in medium or cell culture supernatant with various components being added (serum, Fe 2 þ , phenol red) excluded the possibility that free radicals were produced by chemical interactions with CP-31398 in a cell-free system (data not shown). Free radical formation thus appeared to be part of the p53-independent effects of CP-31398. However, free radicals were not critical mediators of CP-31398-induced cell death since various antioxidants, including N-t-butyl-a-phenylnitrone (PBN) (1-100 mM) or N-acetylcysteine (NAC) (1À100 mM), failed to inhibit CP-31398-induced cell death in LN-18, T98G, LN-229, LN-308 hygro or LN-308 p53 V135A cells (data not shown). As positive controls, the cytotoxic effects of ethacrinic acid (25 mM), cisplatin (50 mM) or betulinic acid (25 mM) were significantly reduced by PBN and NAC (Wick et al., 1999) .
Excessive calcium influx, or its liberation from intracellular stores, may provide a second messenger signal for apoptosis and trigger caspase-independent pathways, including the formation of superoxide species (Takuma et al., 1999) . All of the three cell lines examined (LN-18, LN-229, LN-308) cells showed a marked increase in [Ca 2 þ ] free, cytosolic at 6 h after exposure to CP-31398. Downregulation of p53 in LN-229 pSUPERp53 cells had no effect on calcium liberation (Figure 6d ). Drug washout experiments revealed that the time point of calcium influx coincided with the onset of irreversible p53-independent effects (Figure 2 , data not shown). The increase in [Ca 2 þ ] free, cytosolic was prevented by coexposure to ATA (20 mM) (Figure 6e ). ATA also attenuated CP-31398-induced cell death in all 12 cell lines (Figure 6f , data not shown), while the induction of p53 reporter gene activity was not inhibited by ATA in either cell line (data not shown). To further assess which pathway triggered by CP-31398 was affected by ATA, we compared LN-308 hygro and LN-308 p53 V135A cells at 38.5 and 32.51C. While CP-31398-induced cell death was strongly inhibited by ATA in LN-308 hygro cells maintained at both temperatures and in LN-308 p53 V135A cells at 38.51C, ATA had only minor effects in LN-308 p53 V135A cells kept at 32.51C (Figure 6g ). Accordingly, ATA did not protect when LN-308 p53 V135A cells were pulse-treated with CP-31398, whereas CHX (10 mg/ml) blocked cytotoxicity under these conditions (Figure 6h ).
Discussion
Pharmacological agents that specifically activate p53-dependent cell death pathways in mutant p53-accumu- lating cancer cells would represent a major advance in the therapy of human cancers characterized by p53 mutations. The first such molecule to be characterized was CP-31398 (Foster et al., 1999) , a second one, PRIMA-1, has recently been described . Here we report that none of 12 human malignant Table 1 ), a small molecule discovered in a screening for compounds that force mutant p53 variants into assuming a wild-type conformation (Foster et al., 1999) . At the molar level, the range of EC 50 concentrations of 10-40 mM compares well with current cancer chemotherapeutics used in the treatment of malignant glioma . CP-31398-induced cell death had light microscopic and biochemical (AnxV-FITC staining, Figure 1c ) features of apoptosis, but is an unusual type of apoptosis in that caspases appeared to play no role (Figure 1d-f ) and in that Bcl-x L was not protective (Figure 1h ). The data summarized in Table 1 and Figure 3 suggest that CP-31398 converts the mutant conformation of p53 into a functional one when the mutation is located in the central DNA-binding region (Bullock AN, 2001 ). The blunted response obtained with this mutant in the reporter assay in U251MG and U373MG cells might relate to the fact that residue 273 directly contacts the DNA. A conformational stabilization of the backbone of the protein may well optimize the conformation of this mutant and thus DNA binding, while efficient transcription of the target genes is still not initiated (Kaku et al., 2001) . However, U251MG and U373MG cells nevertheless showed a strong accumulation of p21 when treated with CP-31398 (Figure 3) , suggesting that the reporter assay poorly reflects the transcriptional activation, at least of the p21 gene. In this regard, gene chip analysis revealed that most, but not all, p53 response genes are induced when mutant p53 is stabilized through CP-31398 (Takimoto, 2002) . Further, in analogy to our protein data (Figure 3) , these authors observed a repression of mdm-2 mRNA expression by high concentrations of CP-31398. Further, they assumed that differential patterns of responses of various p53 target genes might be responsible for the biological activity of CP-31398 since proapoptotic p53-response genes were induced much more potently than p53 targets mediating cell cycle arrest, for example, cyclin G2, or negative feedback loops, for example, mdm-2-dependent, ubiquitin-mediated proteasomal degradation.
A comparative analysis of molecular events triggered by CP-31398 in different cell lines revealed at least two pathways of CP-31398-induced cell death, one being p53-dependent and one being p53-independent. The p53-dependent killing pathway is triggered within few hours and depends on new protein synthesis, presumably of p53 itself (Figure 2d-f,l,m) . The p53-independent pathway is associated with free radical formation, but free radical formation does not mediate cell death (Figure 6a-c) . In contrast, p53-independent cell death involves delayed calcium release and is inhibited by ATA (Figure 6d-g ), an agent that acts as a general inhibitor of Ca 2 þ -dependent endonucleases, among various other effects.
The specificity of these effects was ascertained both by p53 reconsitution (Figure 2h -k,m, Figure 6g ,h) as well as by siRNA technology (Figure 2a-c,f,  Figure 6c,d) . The relative resistance of p53-null LN-308 cells in the 4 h pulse assay (Figure 2k ) indicates a central role for p53-mediated cell death in that paradigm. That LN-229 p53 knockdown cells were not fully protected (Figure 2f ) may be due to some residual p53 activity as well as to effects of CP-31398 on other members of the p53 family, such as p63 or p73 .
The proximate cause of CP-31398-induced cell death remains obscure and may in fact differ among cell lines. Although proapoptotic Bcl-2 family proteins were induced in many cell lines, caspases did not mediate cell death, and glioma cells may tolerate high level of Bax expression under certain conditions . Further candidate mediators of cell death include NOXA and PUMA, which were also differentially induced in response to CP-31398 (Figure 4) . That transcription-independent effects of p53 were responsible for cell death cannot be excluded (Haupt et al., 1995 (Haupt et al., , 1997 , but is unlikely since transcription-independent cell death has never been proven to occur with wild-type p53 or naturally occurring p53 mutants in intact cells.
A p53-independent killing pathway triggered by CP-31398 had previously been discussed (Rippin et al., 2002) , but not studied at a molecular level. Surprisingly, these authors were unable to identify physicochemical evidence for the interaction between CP-31398 and the isolated free core domain of p53. Instead, they speculated that CP-31398 merely acts as a DNA intercalator. However, they could not exclude that CP-31398 acts in a chaperone-like manner on newly synthesized p53 protein. This, however, is the mode of action previously proposed for CP-31398 (Foster et al., 1999) . Further support for a direct interaction of CP-31398 and p53 comes from EMSA studies showing restoration of the sequence-specific DNA-binding ability of the 273 (Arg-His) p53 mutant by CP-31398 (Takimoto et al., 2002) .
The present study illustrates the difficult task of designing and developing specific agents free of unexpected side effects. Conversely, CP-31398 used in the p53-dependent pulse assays (Figure 2e,k, Figure 6h ) induced cell death in some cell lines more efficiently than gene transfer-mediated overexpression of wild-type p53 (unpublished observations), suggesting that CP-31398 may not only hit p53 but also p53-related proteins such as p63 or p73 (Flores et al., 2002) . Similar to the synthetic p53 homolog, chimeric tumor suppressor 1 (CTS-1) , the p53-dependent cytotoxic effects of CP-31398 appeared not to be mediated by either death receptors, caspase activation or free radical formation. The proximate cause of death in glioma cells killed by p53-dependent pathways thus remains obscure.
Future efforts of drug design aiming at optimizing CP-31398-related compounds will have to focus on the preservation of the p53-mediated effects, which are desirable and potentially therapeutic, and attenuation of p53-independent effects, a likely source of undesirable side effects.
Materials and methods
Materials and cell lines
CP-31398-01 (Lot #035035-106-02), prepared as described (Foster et al., 1999) , was dissolved directly in medium. zVADfmk, obtained from Bachem (Heidelberg, Germany), was dissolved in dimethylsulfoxide (DMSO). AnxV-FITC was obtained from Pharmingen (Heidelberg, Germany), Fluo-3AM from Biorad (Munich, Germany). CHX, PI, ATA, PBN, 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA) and all other reagents, unless indicated otherwise, were purchased from Sigma (St Louis, MO, USA). zFA-fmk was from ESP (Livermore, CA, USA), ALLN from Calbiochem (San Diego, CA, USA), CA-074ME from Peptide Institute Inc. (Osaka, Japan). The human malignant glioma cell lines, kindly provided by Dr N de Tribolet (Lausanne, Switzerland), have been characterized (Ishii et al., 1999; Weller et al., 1998) . The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum, 2 mM glutamine and penicillin (100 IU/ml)/ streptomycin (100 mg/ml). Viable cell counts were obtained by crystal violet staining. For the determination of EC 50 values, the drug effects were monitored in serial dilutions (1 : 2) over a broad range of concentrations. Rat primary cerebellar granule neurons were prepared as described previously (Weller et al., 1992) .
p53 sequencing
Prescreening for mutations by polymerase chain reaction (PCR) and single-strand conformational polymorphism (SSCP) analysis was carried out on exons 5-8 of the p53 gene (Watanabe et al., 1996) . Samples showing mobility shifts on SSCP were further analysed by direct DNA sequencing. After PCR amplification with the same set of primers as used for SSCP, the PCR products were sequenced on a Genetic Analyzer (ABI PRISM TM 310, Perkin-Elmer Biosystems, Shelton, CT, USA) using an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit. The primers for DNA sequencing were as follows: 5 0 -TCT GTC TCC TTC CTC TTC CTA C-3 0 (sense) and 5 0 -AAC CAG CCC TGT CGT CTC TCC A-3 0 (antisense) for exon 5; 5 0 -ACA GGG CTG GTT GCC CAG GGT-3 0 (sense) and 5 0 -AGT TGC AAA CCA GAC CTC-3 0 (antisense) for exon 6; 5 0 -TGC CAC AGG TCT CCC CAA GG-3 0 (sense) and 5 0 -GGG TCA GAG GCA AGC AGA GG-3 0 (antisense) for exon 7; 5 0 -TCC TTA CTG CCT CTT GCT TC-3 0 (sense) and 5 0 -TCT CCT CCA CCG CTT CTT GT-3 0 (antisense) for exon 8.
p53 silencing
The p53-specific oligonucleotide sequences GATCCCCGACTCCAGTGGTAATCTACttcaagagaGTAGATTACCAC TGGAGTCTTTTTGGAAA and TCGATTTCCAAAAAGACTCCAGTGGTAATCTACtctcttgaaGTAGATTACCACT GGAGTCGGG were obtained from Metabion (Munich, Germany) and cloned into BglII and SalI sites of the pSUPER vector (Brummelkamp et al., 2002) , generously provided by Dr Reuven Agami (Amsterdam, NL, USA). The p53-specific parts of the sequence are depicted in bold letters and underlined. The resulting pSUPERp53 plasmid was stably cotransfected (10 : 1) with a pBABEpuro (Morgenstern and Land, 1990) plasmid and puromycin-resistant bulk transfectants were generated. Control transfectants were generated by cotransfecting pSU-PER together with pBABEpuro.
p53 and NF-kB reporter assay
The cells were transfected with the PathDetect s p53 and NF-kB cis-reporter gene plasmids (#219092 and #219077, Stratagene) using FuGene (Roche, Mannheim, Germany) (Schmidt et al., 2001) . The p53-responsive enhancer is (TGCCTGGACTTGCCTGG) 15 , the NF-kB-responsive element is (TGGGGACTTTC CGC) 5 . Cotransfection with pFCp53 that encodes human wild-type p53 was used as a positive control. The p53-null cell line, LN-308, was included as a negative control in all experiments. At 24 h after transfection, CP-31398 was added to some samples. Another 6 h later, the cells were washed and lysed using Reporter Lysis Buffer (Promega, Madison, WI, USA). Following one freeze-thaw cycle, the lysates were transferred to a LumiNuncTM plate (Nunc, Roskilde, Denmark), Luciferase assay substrate (100 ml, Promega) was added automatically and the luminescence was measured in a LumimatPlus (EG&G Berthold, Pforzheim, Germany). The background was subtracted from all values.
Immunoblot analysis
The general procedure has been described . The cells were untreated or treated with CP-31398 as indicated and lysed. Soluble protein levels were analysed by immunoblot using 20 mg of protein per lane separated on 10-12% acrylamide gels (Biorad, Munich, Germany) . After transfer to a nitrocellulose membrane, the blots were pretreated for 2 h with phosphate-buffered saline (PBS) containing 5% skim milk and 0.05% Tween 20, and then incubated overnight at 41C with the following antibodies: murine anti-human p53 monoclonal antibody Bp53-12 (2 mg/ ml), murine anti-mammalian p53 monoclonal antibody Pab240 (for the detection of murine p53 V135A ) (2 mg/ml), rabbit anti-human p21 polyclonal antibody C-19 (2 mg/ml), rabbit anti-mammalian Bax polyclonal antibody N-20 (1 mg/ml), goat anti-mammalian b-actin polyclonal antibody I-19 (1 mg/ml), mouse anti-mammalian mdm-2 monoclonal antibody SMP14 (1 mg/ml), mouse anti-human Bcl-2 antibody 100 (2 mg/ml), rabbit anti-human bak polyclonal antibody G-23 (0.5 mg/ml), rabbit anti-mammalian caspase 8 polyclonal antibody p20 (0.5 mg/ml) (all from Santa Cruz, Santa Cruz, CA, USA), mouse anti-mammalian Bcl-x L monoclonal antibody 2H12 (2 mg/ml) (Pharmingen, Heidelberg, Germany) and mouse anti-human caspase 3 C31720 (1 mg/ml) (Transduction Laboratories, Lexington, KY, USA). Mouse anti-human caspase 7 (clone 7-1-10) and caspase 9 (clone 2-22) antibodies were generous gifts from Y Lazebnik (Cold Spring Harbor, NY, USA). Visualization of protein bands was accomplished using hoseradish peroxidase (HRP)-coupled IgG secondary antibody (Sigma) and enhanced chemiluminescence (ECL) (Amersham, Braunschweig, Germany). Quantification was performed by multiplying the respective signal area with its mean intensity using Corel Photo-Paint 11 software (Corel Corporation, Ottawa, Canada).
Northern blot analysis
Denatured total RNA (10 mg) was loaded on a 1% agarose gel containing 6.7% formaldehyde. The RNA was separated at 100 V, transferred to a Hybond N þ membrane (Amersham, 
-test). (h) LN-308 p53
V135A cells were shifted to 32.51C for 24 h and pulse-treated with CP-31398 for 4 h in the absence (open squares) or presence of ATA (20 mM, closed squares) or CHX (10 mg/ml, closed triangles). ATA was present during the whole course of the experiment, whereas CHX was removed together with CP-31398 Freiburg, Germany) using capillary blotting and crosslinked in a UV stratalinker 1800 (Stratagene, La Jolla, CA, USA) at 1200 J. Methylene blue staining was performed as a loading control. The membrane was preincubated for 2 h in Church buffer at 651C. The probes were constructed by isolating the respective cDNA sequences from expression plasmids. A cDNA encoding PUMA was generously provided by Dr B Vogelstein (Baltimore, MD, USA), the NOXA cDNA was a generous gift from Dr E Oda (Tokyo, Japan). The respective full-length cDNAs were purified by gel extraction (Qiagen, Hilden, Germany) and labeled using 5 ml (B1.6 Mbq) dCTP and the Rediprime II random labeling system (Amersham). Filters were hybridized overnight at 651C in a hybridization oven with a rotisserie device using Church buffer. The binding of radioactive probes was visualized using a PhosphoImager (FujiBasReader 1500, Fuji, Kangawa, Japan) and quantified using TINA software (Fuji). Loading was controlled by assessing b-actin mRNA expression.
Flow cytometry
For cell cycle analysis, the glioma cells were treated with CP-31398 as indicated, harvested, fixed and permeabilized overnight in ice-cold 70% ethanol (Merck, Darmstadt, Germany). The cells were washed twice with PBS. RNA was digested with RNase A (Gibco Life Technologies, Paisley, GB, UK). The DNA was stained with PI (50 mg/ml). Fluorescence was recorded on channel Fl-2A in a FACScalibur (Becton Dickinson, Heidelberg, Germany). Instrument settings were adjusted to move the G1 peak to 200 relative fluorescence units. Cells to the left of this peak appeared to have a DNA content below 2n, indicative of cell death. Aggregated cells were detected in channel F1-2W and gated out. A total of 10 000 events per condition were recorded. Evidence for apoptosis was also obtained by AnxV-FITC staining that measures the exposure of phophatidylserine on the cell membrane. The cells were collected, washed with PBS and resuspended in a buffer containing 10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl and 2.5 mM CaCl 2 . AnxV-FITC (1 : 100) and PI (50 mg/ml) were added.
Free radical formation
The cells (2 Â 10 5 /well) were seeded in six-well plates, adhered overnight and treated with CP-31398 or ethacrinic acid as a positive control. A solution of DCFH-DA in DMSO (stock: 2 mM) was added to a final concentration of 5 mM. After 15 min, the cells were washed with ice-cold PBS, trypsinized and washed again with a cold medium. The fluorescence originating from intracellular DCF (the oxidation product of DCFH-DA) was measured in channel Fl-1H in a Becton Dickinson FACScalibur. Dead cells were excluded by simultaneous staining with PI (50 mg/ml).
Cell-free peroxide assay CP-31398 was coincubated in a serum-free medium with serum, Fe 2 þ or PBN. Cell culture supernatant containing CP-31398 was also examined. The samples (20 ml) were collected at various times and ongoing reactions were stopped by the addition of 180 ml 25 mM H 2 SO 4 . After a total incubation period of 30 min, 200 ml reaction mixture containing 0.5 mM (NH 4 ) 2 Fe(SO 4 ) 2 , 200 mM xylenol orange and 200 mM sorbitol in 25 mM H 2 SO 4 were added to each well of the microtiter plate. The absorption at 540 nm was determined using a microtiter plate reader (Titertek Multiscan MCC, Flow Laboratories/ ICN, Eschwege, Germany) 45 min later and compared with the absorbance read at standard concentrations of the peroxides (Jiang et al., 1991; Dringen et al., 1998) .
Calcium assay
Fluo-3AM was reconstituted in DMSO and a 1 : 500 dilution was prepared in a serum-free medium. The treated cells were washed and loaded with Fluo-3 AM for 30 min while still adherent. After further washing the cells were detached, resuspended in PBS and analysed by flow cytometry. The signal from Fluo-3 bound to Ca 2 þ was detected in channel Fl-1H. Dead cells were gated out by double staining with PI.
DEVD-cleaving caspase activity
The cells (0.5 Â 10 4 ) were seeded in 96-well plates, treated as indicated, lysed in 25 mM Tris-HCl, pH 8.0, 60 mM NaCl, 2.5 mM EDTA, 0.25% Nonidet-P40 for 10 min, and DEVDamc was added at 12.5 mM. Caspase activity was assessed by fluorescence using a Millipore fluorimeter at 360 nm excitation and 480 nm emission wave lengths.
Statistical analysis
Data are representative of experiments performed three times with similar results. Viability studies were performed using triplicate wells. Significance was assessed by t-test (Po0.05) or covariance analysis (ANCOVA).
Abbreviations ALLN, N-acetyl-Leu-Leu-Nle-CHO; AnxV-FITC, annexinV-FITC; ATA, aurintricarboxylic acid; CA-074ME, L-3-trans-(prolylcarbamoyl)oxirane-2-carbonyl-L-isoleucyl-L-proline methyl ester; CD95L, CD95 ligand; CHX, cycloheximide; DCFH-DA, 2 0 ,7 0 -dichlorodihydrofluorescein diacetate; DEVD-amc, Asp-Glu-Val-Asp-7-amino-4-methylcoumarin; DMSO, dimethylsulfoxide; ECL, enhanced chemiluminescence; HRP, horseradish peroxidase; NAC, N-acetylcysteine; PBN, N-t-butyl-a-phenylnitrone; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; PI, propidium iodide; SEM, standard error of the mean; SFI, specific fluorescence index; siRNA, short interfering RNA; SSCP, single-strand conformational polymorphism; zFA-fmk, N-tert-butoxy-carbonyl-Phe-Ala-fluoromethylketone; zVAD-fmk, N-tert-butoxy-carbonyl-Val-Ala-DL-Asp-fluoromethylketone.
